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THE ANALYSIS AND DESIGN OF STEEL 
PORTAL FRAMES. 


By J. G. Henperson, B.Sc., A.M.I.Struct.E., 
and 


J. K. Henperson, A.M.I.Struct.E. 


INTRODUCTION. 


The advent of welding has led to the use of portal frames built 
of rolled or fabricated sections to replace the more usual] stanchion 
and roof truss arrangement that is more suited to riveted con- 
struction. Portal frames, besides being economically sound, are 
aesthetically pleasing structures. Indeed this latter factor has 
contributed to the widespread use of portal frames which may be 
left wholly or partially exposed in the finished building. 

In this pamphlet it is intended to illustrate some ways in which 
various theories can be applied to the solution of portal frames. 
It is the authors’ opinion that prospective designers who have 
completed a course of instruction in Theory of Structures have had 
little or no guidance in the application of the method of Moment 
Distribution or the method of Column Analogy to the analysis of 
portal frames with inclined rafters, and it is hoped that this pamphlet 
will help bridge that gap. No modern book on rigid frames would 
be complete without some reference to the Collapse Method of 
Design so accordingly this method is introduced in this pamphlet 
as an alternative to the elastic design. 

Part III of the pamphlet deals with the analysis and design 
of a portal frame structure of non-uniform section carrying heavy 
duty cranes. The designs, including full wind treatment, are in 
accordance with B.S. 449 (1948). 


PART I. 
THE DESIGN OF A 60’0” SPAN PORTAL FRAME. 


The main dimensions of the frame are shown in Fig. 1, and the 
frames are spaced at 15 ft. centres. This type of portal frame is 
commonly used in storage buildings. _It is very often uneconomical 
to provide fixed footings for the smaller type of portal frame and 
consequently they are provided with hinged bases. 
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Whilst the loads are transmitted to the frame via the purlins 
as point loads, ‘very little error is incurred by treating the loading 
as uniformly distributed and since this makes for simplification 
in the calculations it is the method usually adopted in design 
offices. Except in the case of small frames the knee section is 
usually haunched and hence the moment of inertia is increased. 
This increase in moment of inertia causes an increase in the 
horizontal thrust at the pins of from 2% to 8%. The British 
practice is to ignore this haunch effect although in American design 
practice the horizontal thrust is increased by 5% when computing 
the bending moment at the knee. 


Particulars of Loading. 


Dead load «+ Tb./sq. ft. on plan. 
Asbestos roof sheeting 3:5 
Purlins... 6p 15 
Frame rib see. 25 
Total ... 75 
Snow load s 10-0 


Total Dead Load on frame (DL) = 2x 16275 30 tons. 


Total Snow Load on frame (SL) = ee =4-0 tons. 


Wind load. 
Assume a wind pressure (p) of 12 Ib./sq. ft. 
External wind loads :— 7 


Windward side (pressure= +0-5p) = 18x15x05 x12 
2240 
= 0:73 tons. 
Leeward side (pressure = — 0-54) = -0-73 tons, i.e, suction. 
Windward slope (pressure= —0-2734) = _ 32:3 x15 x 0-273 x 12 
2240 
= -0-71 tons. 
32-3 x 15 x 0-5 x 12 

‘Leeward slope (pressure = —0-5) mie pear 

= —1-30 tons. 
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NI 


Internal wind loads :— 
2240 

= + 0-29 tons. 

32:3'x 15.x.0:2 x12 
2240 

= + 0-52 tons. 


Sides (pressure = +0-29) =i 


Slopes (pressure= +0-2f) = 


The loading is shown in Fig. 1. 

In order to make a comparison between the methods the 
analysis of this frame will be carried out using the methods of 
Moment Distribution and Column Analogy. 


7 T 
D.L=3:0 SL, 24-0 


Frame Dimensions and 
L oading Particulars. 


(Lnternal wind Shown _in brackets.) 


Fig. 1. 
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ANALYSIS BY MOMENT DISTRIBUTION. 


The method of Moment Distribution was first presented by 
Professor Hardy Cross in 1929. This method is revolutionary 
when compared with the classical methods of analysis for in- 
determinate structures such as Strain Energy, Slope Deflection 
or Clapeyron’s Theorem of Three Moments. It is assumed that 
the reader is familiar with such terms as “‘carry over,” “distribution 
factor,” etc., and it is intended here to show how to apply the 
method of Moment Distribution to the solution of a frame with 
inclined rafters. 


In a course on “Theory of Structures” it is usual to consider 
frames containing three members only because of the limited time 
available. These three-member frames are said to have one 
degree of freedom, since when one joint is displaced, the other joint 
displacements can be obtained from the geometry of the frame. 
However, a four member frame, such as that shown in Fig. 2, has 
two degrees of freedom because the frame is free to sway horizontally 
and at the same time there is movement between joints B and D. 


In academic problems it is usual to carry out moment dis- 
tribution for a particular loading and then carry out an analysis 
to correct for sway. When dealing with a practical problem which 
involves several loading. conditions it is more convenient to carry 
out the sway analysis first. 


Procedure for Analysis. 


(1) Carry out Moment Distribution for the arbitrary swa 
of joint B with joint D propped (Fig. 2 (a) ). a 4 

2) From the resulting moments calculate th i 

(2) P,’ and the sway force H,. = propping: force 


(8) Repeat steps (1) and (2) for the arbitrary sway of joint D 
with joint B propped and obtain the propping force P,’ 
and the sway force H, (Fig. 2(b)).° If the frame is 
symmetrical, as in the present design example, the forces 
P,’ and H, will be the same as P,’ and H,. 


(4) Carry out Moment Distribution for the chosen loading 
condition assuming that the joints B and D are propped 
as in Fig. 2 (c). : 

(5) From the resulting moments calculate the propping forces 
P, and P,. 

(6) Since there are, in fact, no forces at B and D, then the 
forces P,’ and H,, P,’ and H, must be proportioned to 
P, and P, respectively so that the result is zero. 
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If ‘x’ and ‘y’ are the necessary multipliers for arbitrary 
sway at B and D respectively then the following equations 
are evolved :— 

xH, +yP,’ +P, =0 

«P,’ + yH, + P, = 0 
Solve these equations simultaneously to obtain the values 
of ‘x’ and ‘y’.. It must be emphasised here that care must 
be taken with the signs of the forces. 


ip 


Pa. 8 2 5 bp 
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(7) Multiply the moments obtained in step (1) by ‘x’ and the 
moments obtained in step (2) by ‘y’ and then add, algebraic- 
ally, both sets of new moments to those obtained in step (4). 


This gives the final moments for the chosen loading con- 
dition. 


(8) Repeat steps (4) to (7) for each of the loading conditions. 


When the analysis has been carried out for each of the loading 
conditions, they are summarised to obtain the design moments. 


Loading Conditions. 


(2) Dead load + snow Joad. 
(6) Dead load + snow load+external wind + internal wind. 


In the latter condition the permissible stresses can be increased 
by 25% due to the inclusion of wind loads. 


Keb Deflected fi 
ES Deflected frame, 


g (exoggerated’) 


D. 'D.( Prag 
=e oh) 


Hp(Swoy) a 


le Originol frome 


(a) 


alt ecto! J E. 


Arbitrary  Swoy of Joint B 
(Qazi uprsped)) 


Displocement Diag. for 
2 units Arbitrary Sway, | 


Fig. 3. 
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Sign Convention. 


Clockwise moments are positive. 

Anti-clockwise moments are negative. 

Vertical forces, upwards positive and downwards negative. 
Horizontal forces, to the right, positive and to the left, negative. 


Sway Considerations. 


An arbitrary sway force is applied at joint B and the resulting 
displacement diagram is shown in Fig. 3 (2). From the geometry 
of the frame the relative displacements of the eaves and ridge can 
be obtained, this being shown diagrammatically in Fig. 3 (2). The 
directions of the resulting induced moments can be determined 
by inspection from Fig. 3 (a), and the magnitude of these moments 
are allocated as follows, assuming a uniform section for the frame. 


Allocation of Sway Moments. 


Legs : Rafters 
3EI Ay ; GET Ane : 
La? : Lt (EI is constant). 
3x2 ’ 6 x 2-693 
324 f 1040 
37 . 31 tons ft. (Multi. by 2,000 for convenience). 


Distribution Factors. 


Joint Member Stiffness Distribution Factor 
B BA } x 1/18 =0-04161 0-0416/0-0725 = 0-574 
BC 1/32-3 = 0-03091 0-0309/0-0725 = 0-426 
c CB 1/323 0-500 
cD 1/323 0:500 
D DE (Similar to joint B) Meat 


Note.—Since the feet of the frame are pinned three-quarters of the 
stiffness has been used for members BA and DE, in order 
to avoid moment “carry overs’’ to the pinned ends. 


Sway at B with D Propped. 


The arbitrary sway moments, derived previously, are distributed 
as shown in Table 1. 
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TABLE 11. 
B € D 
A (0574 | 0-426, | 0:5 | 0-5 0-426 0-574 E 
—3-75 +3:75 | —3-75 43-75 
+215 | +1-60 =160 9 —2:15 
+0-80 | —0-80 
4215 | —215 +455 | —4-55 +215 —215 No Sway 
+533 | —5-33 —4-67 | 44-67 + 5:33 | —5-33 An 0-165 
+314 | —3-14 —4-67 | +-4-67 +314 —3-14 Av X 0-165 
0 +10-62 | —10-62 —4-79 | +4-79 +1062  —10:62 0 Final Moments 


Referring now to Fig. 5 the propping forces can be obtained. 
Take moments about B to the left. 


- 18H, +2:15=0 “. H,=0-12 tons. 
Take moments about D to the right. 
- 18H, -2:15=0 . H,= -0-12 tons. 


By symmetry V,=V,=1-50 tons. 
Take moments about C to the left. 
(1:50 x 30) — (0-12 x 30) —(P,, x 12) — (1:50 x 15) +4-55=0. 
«. Py = 1:95 tons. 
2H =0 .. P, = —1-95 tons. 
Let ‘x’ be the coefficient for sway at B and ‘y’ be the coefficient 
for sway at D, then for zero forces at B and D :— 
—6-29% -5-56y +1-95= 0. 
5-56x +6-29y - 1-95 = 0. 
Solving simultaneously x= =0-165. 
The arbitrary moments for sway at B are multiplied by the 
coefficient ‘x’, and those for sway at D are multipled by ‘y’, The 


resulting moments are now added to the “no sway” moments in 
Table III to obtain the final moments for the dead load condition. 


Snow Load. 


The final moments due to snow load can be obtained by multiply- 
ing the moments obtained for dead load by the ratio of snow load 
to dead load. 
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“No Sway’. Cor 
( Deed Load.) © 


Fig. 5. 
External Wind Loads. 

Fixed end moments :— 
Mo, = Myx = = x ee 
My ~My = 2% 328 
M.,p= -M,, = ae 


Condition _ 


= 1-64 tons ft. 
= 1-91 tons ft. 


= 8-50 tons ft. 


Note.—The FE M s M,, and M,, have been increased by 50% 
to allow for the effect of the pinned ends. 


These moments are distributed as shown in Table IV. 
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TABLE IV. 
B c D 
A 0574 | 0-426) 05 | 0-5| |0-426 | 0-574 E 
lO $164 | 41-91 —191 | +4350 —350| +164 0 
—2.04 | —1-51 0-80 | —080 + 0-79 | + 1.07 
—0-40 0-75 | +0:39 — 0-40 
+023 | 40-17 40-18 | 40:18 + 0-17 | + 0-23 
0-09 +009 | +009 + 0-09 
0-05 0-04 0-09 0-09 0-04 0-05 
—0-04 —002 | —002 — 0-04 
+002 | +0.02 +002 | 40:02 + 002] + 002 
0 = —020 | +0-20 —328 | +328 — 291 | +291 0) No Sway 
lo 27-30 | 427-30 +2395 | 2395  —1610 | +1610 0| Asx —0-845 
lo =6+12-78 | —1278 19-02 | +1902 421-58 | —21-58 0| Ayx+0-671 
lo. —14-72 | 14-72 +165 | —165 + 257 | — 2-57  0| Final Moments 


Referring now to Fig 6 the propping forces can be obtained. 
Take moments about B to the left. 
— 18H, — (0-73 x 9) -0:20=0 «. H,=-0:376 tons. 
Take moments about D to the right. 
— 18H, — (0°73 x 9) +2-91=0 «. H,=—0-204 tons. 
Take moments about D to the left. 
60V, + (0-376 x 18) — (0-73 x 9) — (0-26 x 6) + (0-66 x 45) 
+ (1:30 x 16-15) -2-91 = 0. 
-. V, = -0°776 tons. 
ZV=0 «*. -0°776 +0-66 + 1-:21+V,=0. 
: * V, = 1-094 tons. 
Take moments about C to the left. 
— (0776 x 30) + (0-376 x 30) — (0-73 x 21) -(P, x 12) 
+ (0:71 x 16-15) — 3-28 =0. 
“. P, = —1:59 tons. 
2SH=0 .. -0-376 +0-73 -1-59 — 0-26 +0-48 +P, +073 
-0-204 = 0. 


P, = 0-49 tons. 
Sway coefficients 


—6-29% — 5-56y — 1:59 = 0. 
556% +6-29y +0-49 = 0. 
Solving simultaneously « = —0-845 and y=0-671. 
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ov 1397 
Wind. OGG ran / 
om) \, [ee 
3-28 


‘Ne Sway’ Condition. 
(External Wind.) 


Fig. 6. 


As before the arbitrary moments for sway at B are multiplied 
by the coefficient ‘x’ and those for sway at D are multiplied by 
‘y’. The resulting moments are now added algebraically to the 
“no sway” moments in Table IV to obtain the final moments for 


the external wind loads. 


Internal Wind Loads. 


Fixed end moments. 


29 x 18 
-My,=Mos -> x a = 0°65 tons ft. 
Hes Mes Mie ae = 1-40 tons ft. 


These moments are distributed as shown in Table V. 
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TABLE V. 


0| No Sway 

0} Asx —0-0288 
0} A» x —0-0288 
0| Final Moments 


¥ 
H_o.29° 
j— 

y 

y 


0-433" 0-483" 


‘No Sway’ Condition. 
( Internal Wind Pressure ) 


Fig. 7. 
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Referring now to Fig. 7 the propping forces can be obtained. 
Take moments about B to the left. 
— 18H, + (0-29 x 9) -— 1-:08=0. .. H,=0-085 tons. 
. By symmetry. «. H,= 0-085 tons. 
By symmetry V,=V,= —0-483 tons. 
Take moments about C to the left. 
— (0-483 x 30) — (0-085 x 30) + (0:29 x 21) - (P, x 12) 
+ (0-52 x 16-15) - 1-56 = 0. 
P,= —0-342 tons. 


. By symmetry P,= 0-342 tons. 
Sway coefficients. : 
—6-29% —5-56y - 0-342 = 0. 
5-56x +6-29y +0-342 = 0. 
Solving simultaneously x=y = -0-0288. 

As before the arbitrary moments for sway at B are multiplied 
by the coefficient ‘x’ and those for sway at D are multiplied by ‘y.’ 
The resulting moments are now added algebraically to the “no 
sway” moments in Table V to obtain the final moments for the 
internal wind loads. 


Summary of Moments. 


The final moments are summarised in Table VI with the figures 
rounded off to the first place of decimals. 


TABLE VI. 


Hs 


Note that since the internal wind is reversible a plus and minus 
sign is included in Table VI. 


ANALYSIS BY COLUMN ANALOGY. 


Goneral. 


The method of Column Analogy, like that of Moment Distribu- 
tion is due to Professor Hardy Cross who introduced the method 
in America in 1930. To the designer, the Column Analogy is a 
neat and systematic method for the analysis of certain statically 
indeterminate structures and when applied to portal frames of the 
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type dealt with in this pamphlet it produces a rapid and accurate 
solution. Unlike the method of Moment Distribution no special 
calculations for side sway are necessary. 


Since in a course on “Theory of Structures” this method may 
not have been covered in the syllabus, a few notes will be included 
to form an introduction. If the reader is unfamiliar with the basic 
principles of the method he would be well advised to refer to an 
article by Professor W. Fisher Cassie in the Structural Engineer, 
August, 1939. 

The term “column analogy’ is derived from the relationship 
existing between the equations for slopes and deflections in a 
loaded beam, frame or arch, and for loads and moments in a short 
column eccentrically loaded about two axes. 


Briefly, this relationship is as follows :— 


I 


d 
gé = | = Corresponds to P | fadA 


ds i 

Ay = [ate HE a ow My = | fxd 
ds 

Ax = [My » on Max = | fy 


Mj is the indeterminate moment and since in the particular 
cases of a fixed beam, frame or arch, the area of the simple or static 
bending moment diagram divided by EI, is equal to the area of the 
indeterminate moment diagram divided by EI, then 


ds ds 
fu ‘EI [a EI 


Where M, = static bending moment. 


From the foregoing two sets of equations it can be shown that 
the analogous short column corresponding to an indeterminate 
member must satisfy the following conditions :— 


1. The length of the cross-section of the column must be equal 
to the length of the member. 


2. The profile of the cross-section of the column must follow 
the profile of the member. 


3. The width of the column cross-section at any point must 
be equal to the value of 1/EI for the corresponding point 
on the member. 

4, The column cross-section must be loaded with an intensity 
equal at any point to the static bending moment (M,) for 
the corresponding point on the member. When these 
conditions are satisfied, the fibre stress at any point on the 
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analogous column section is numerically equal to the in- 
determinate moment at the corresponding point on the 
member. 


The analogous stresses or indeterminate moments due to the 
analogous column loading are computed by employing the following 
formula :— 

P Myx Myy 
“ = — + he 
hed tel el 


3x Ty 


which is applicable in cases where the analogous column section 
is symmetrical about at least one axis. Since this pamphlet is 
dealing with frames which are in fact symmetrical about the ridge 
or Y-Y axis, there is no need to be concerned with the general 
equation for fibre stresses in unsymmetrical sections, which would 
involve products of inertia. Should the reader be interested in 
unsymmetrical portal frames he should refer to an article by E. S. E. 
Lyle in Concrete and Constructional Engineering, June, 1956. 


In the above formula for ‘f’, : 
= The analogous column load, (é.e., Area of Static B.M. diagram 


x 1/EI). 

A = The area of analogous column cross-section. 

I,z = Moment of Inertia of analogous column section about X -X. 
Tee " #3 - es ~ se Ya 
M,.= Nett moment of analogous load about X-X (i.e., Py). 
Myy= _,, xi 4 " * ie Y-Y (ie, Pz). 

x = Distance from Y-Y axis to point where stress is required. 

= iz go SE ap ms 6 a ee * 


The final moments are obtained by subtracting the indeterminate 
moments from the corresponding static moments, 7.¢., final moment 
M=M,-M; for all points of the member or frame. It is only 
necessary, however, to calculate the indeterminate moments for 
particular points of the member or frame, sufficient to enable the 
final bending moment diagram to be drawn. 

When using the method of Column Analogy for the analysis of 
portal frames having hinged bases the formula for analogous stress 
can be simplified. A hinge possesses no stiffness and is capable 
of indefinite rotation and hence must be represented by infinite 
area in the analogous column section. The following conditions 
apply when a frame is hinged at the bases :— 

1. The hinges in the frame are represented by infinite areas 
in the analogous column cross-section, and therefore the 
term P/A can be excluded since it contains the total 
analogous area, which would be infinite. 

2. The centroid of the analogous column lies midway between 
the line joining the two hinges and coincides with the 
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vertical axis of the column, hence the term te % can be 
yy 


excluded since Iyy would be infinite. - 

3. The neutral axis of the analogous column passes through 
both hinges to form the X -X axis, and the infinite areas 
have no moment of inertia about this axis. 

Due to these conditions the formula for analogous stress reduces 

to 
Mx 
ad 


EX 


f= 


Application to 60’ 0” Span Portal Frame. 


The dimensions of the frame are shown in Fig. 1. 

When applying the Column Analogy method to Practical 
design problems, it is sometimes convenient to use a system of 
arbitrary loads in the analysis and then proportion the results to 
suit the actual loading conditions. This is adopted because in the 
analysis of various loading conditions it is usual to split up com- 
posite loads, such as wind loads, to facilitate calculations. The 
proportioning and summating of moments should not obscure 
the purpose of the analysis, on the contrary it should help to develop 
that ‘‘structural sense’ which is of - considerable importance in 
visualising the deformation of the frame under various types of 
loading. 


Procedure for Analysis. 


(1) Determine the properties of the analogous column cross- 
section. ; 

(2) Select the loading to be considered and using an arbit: 
load of say 10 tons in place of the actual load calculate 
the moments (M,) in the frame when in a statically deter- 
minate condition. The frame can be rendered statically 
determinate in a number of ways (this applies particularly 
to fixed base frames). 

(3) Determine for the analogous column the corresponding 
analogous load, and the moment of this analogous load 
about the X—X axis. Enter these results in tabular 
form and sum up the moments about the X —X axis. 

(4) Calculate the indeterminate moments from the formula:— 

Mi = = J 
xx 

(8) Obtain the final arbitrary moments by subtracting 

algebraically the indeterminate moments derived in step 
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(6) 


(7) 


(4) from the corresponding static moments derived in step 
(2), 2c, M = M,-Mi. 

Repeat steps (2), (3), (4) and (5) for the other loading 
conditions. When dealing with wind loads, use an 
arbitrary load on the windward slope for one condition 
and an arbitrary load on the windward side for the other 
(these separate loads represent portions of the composite 
loadings due to external and internal wind). 

Prepare a table for final joint moments at the apex and 
knees of the frame. Proportion and summate, where 
necessary, the final arbitrary moments of step (5) to 
embrace the actual overall loading conditions. 


Sign Convention. 


No confusion of signs should arise if moments which produce 
tension on the inside of the frame are called positive. 


Loading Conditions. 


The loading conditions are the same as those used in the analysis 
by Moment Distribution. 


Short Leogih 
\ . / of Colum omy. 


finite Area i 


Analogous Column Section _ 


Fig. 8. 
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Properties of Analogous Column. 


Fig. 8 shows pictorially the analogous column cross-section for 
the frame. The width of the column cross-section is equal to 
1/EI, and since for this frame EI is constant for all members then 
the width is equal to unity. For two hinged frames the only 
property of the analogous column required is the moment of inertia 

Xx 


bd? 2x 183 : 
Legs : 2x a = 3,890 units 
3 3 
5 122 
Rafters: Tew = SV = 780 ,, 
Ay? = 2 (323x24%) = 37,200 _,, 
total Ix, = 41,870 ,, 


Fig. 9 shows the properties of a thin sloping member. 


Thin Sloping Member. 


Fig. 9. 
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Arbitrary 10-ton U.D.L. on Roof. 


Referring to Fig. 10, the frame is made statically determinate 
by assuming point E is on rollers. The static bending moment 
diagram is parabolic, having a maximum value at the centre of 


60 x 10 
8 


This bending moment diagram when multiplied by 1/EI repre- 
sents the corresponding analogous load to be applied vertically to 
the analogous column cross-section (this is illustrated in Fig. 8). 
The analogous column can therefore be likened to a trough or 
channel section which is loaded with the corresponding static 
bending moment diagram projected vertically on to the analogous 
cross-section. Table VII is prepared to facilitate the calculations 
and is self explanatory. It should be noted at this stage that 
the pictorial sketches, as shown in Fig. 8, take too much time to 


= 75 tons ft. 


fs ; E, 

a o0'-0 —{. 
Static BM, Diagram __ 
( Arbitrary Roof Load. ) 


Fig. 10. 
[Member [Anal lead] 9 | Py «Max 
= 
1@i5___| 255 | 41,200 
1GIS 41,200 
Z 


SMxx : 
TABLE VII. 
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draw and once the principle is understood it is easier to represent 
the column by a two-dimension sketch, as shown in Fig. 10. This 
method will be adopted for all other loading conditions. 
From Table VII the sum of the moments is 82,400 tons ft. units. 
The moments at the joints are obtained as follows :— 


- ap. 82400x18 
At joints Band D: Mj; = 41,870 = 35-4 tons ft. 
82,400 x 30 
+ i 2 Nk ae DOO 8 BOG 
At joint C Mi 41,870 59-0 tons ft. 


The final moments due to the arbitrary loading can now be 


obtained. 
=M, = 0-354 = -—35-4 tons ft. 


M, = 75—59-0 16-0 tons ft. 


Arbitrary 10-tons U.D.L. on Windward Slope BC. 


Referring to Fig. 11, the frame is made statically determinate 
in the same manner as the last case of loading. Since the wind 
load is normal to the rafter slope, a horizontal reaction is induced 
at A. It is first necessary to determine the reactions at A and E 
and then the static bending moments can be obtained. 


H, = 0 since E is on rollers. 
H, = Horizontal component of wind load = 3-71 tons. 
¥ == (9:28 x45) + (3-71 x24) _ 5-48 tons. 
60 
V, = —(9:28 -5-48) = -3-80 tons. 


Note that moments which produce tension on the inside face of 
the frame are positive. 


At B, M, = —(371x18) = - 668 tons ft. 
At C, M, = —(380%30) = -114-0 tons ft. 
At D, M, = 0. 


Superimpose on the line joining the moments at B and C, the 
local bending moment due to the 10 ton U.D.L. 


= es = 40-4 tons ft. 


The calculation for the moment of the analogous load is shown 
in Table VIII, in this case — 147,700 tons ft. units. 
The moments at the joints are obtained as follows :— 


a — 147,700 x 18 
At ts Band D: M; = ——2——— = -635 : 
joints B an i 41,870 63-5 tons ft 
At joint C fj = ASO: 1058 tons te 


41,870 
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The final moments due to the arbitrary loading can now be 
obtained. 2 
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Static B.M. Diagram, 
( Arbitrary Load op Bo. ) 


Fig. 11. 


i 


Ziex e 
TABLE VIII. 


Arbitrary 10-tons U.D.L. on Windward Side AB, 

For this loading the frame is rendered statically determinate 
by assuming point A to be on rollers as this is more convenient 
and makes for a simpler bending moment diagram. The reactions 
and static bending moments are obtained as follows (refer to Fig. 12). 
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0 since A is on rollers. 


H, 10 tons. 
(10 x 9) 
Vy, = -—" = -15 is 
i 60 1-50 tons 
V, = 1:50 tons. 
At B, M, = -(10x9) = -90 tons ft. 
At C, M, = -(10x21)-(1:5x30) = -255-0 tons ft. 
At D, M, = -(10x18) = -180-0 tons ft. 


The bending moment diagram for AB is parabolic and for all 
other members the bending moment diagram is composed of straight 
lines. 

The calculation for the moment of the analogous load is shown 
in Table IX, in this case —336,800 tons ft, units. 

The moments at the joints are obtained as follows :— 

— 336,800 x 18 


At joints Band D; Mj; = —nsn — 144-7 tons ft. 


255-0, 
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Static BM. Diagram, 
(Arbitrary Load on AB ) 


Fig. 12. 
Member. |AnalLoad(P)) 4 PG = Mxx. 
AB. - 540 13-5. 7.300 
B.C. (a) |- 1450 22-0 |- 31,900 
(b) |-_ 4120 26-0 |- 107,100 
c.D. (a) |- 2910 22-0 |- @4000 
(b) |= 4120 | 26-0 |- 107,100 
1,620 12-0 |- 19,400 
Mux «|= 336,800 


TABLE IX. 
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— 336,800 x 30 
joi : I; = ess = -241-4 tons ft. 
At joint C: M 41,870 ons 
The final moments due to the arbitrary loading can now be 
obtained. 


M, = -900 -(-1447) = 54-7 tons ft. 
M, = —255-0-—(-241-4) = -13+6 tons ft. 
M, = -180-0-(-144-7) = -35:3 tons ft. 


Summary of Actual Frame Moments. 


Table X is prepared for the purpose of computing, from the 
final arbitrary moments, the actual moments occurring at the 
joints of the frame due to the various types of loading. 


TABLE X. 
Loading Condition Ms | Me Mp Remarks 
1. Arbitrary Moments —35-4 | +160 | —35-4 
Di: -106 +48 | 10-6 | Coeff. =0-3 
D.L. + S.L. 24-8 +11-2 —24:8 Coeff. =0:7 
2. Arbitrary Moments — 33 — 82 +63-5 
(Slope) 
3, Arbitrary Moments +54-7 —13-6 —35:3 
(Side) 
External Wind 
Windward Slope —0-23 —0-58 +4-51 
Leeward Slope +825 —1:07 —0-43 
Windward Side +4-00 —0-99 —2-58 
Leeward Side 42-58 +0-99 —4:00 
Total +146 — 16 25° 
Internal Wind 
Windward Slope —0:17 —0-43 +3-30 
Leeward Slope +3-30 —0-43 —0:17 -=0" 
(Opp. Hand) 
‘Windward Side —1:58 +0-39 +1-02 Coeff. 0-029 
Leeward Side +1:02 +0:39 |» —1-58 Coeff. = —0-029 
(Opp. Hand) 
Total (Pressure) + 2-6 —0:1 +2-6 
Total (Suction) — 26 +0-1 —2-6 


All moments are in tons ft. 
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The reference numbers at the left-hand side of the table are to 
facilitate the explanation as to how the actual moments are derived. 


The moments caused by D.L: and D.L.+S.L. are straight- 
forward, being merely the moments of (1) multiplied by the co- 


e 3-0 7-0 : 
efficient m7 0-3 and “0. 7 0-7 respectively. 

The moments caused by external wind (wind blowing from 
left to right) are obtained as follows, when considering the loads 
on individual members separately. For load on the windward 
slope, the moments are obtained by multiplying the moments of 


(2) by the coefficient 7 = 0-071. 
For load on the leeward slope, the moments are obtained by 
“opposite handing” the moments of (2) and multiplying by the 


coefficient = 0-13. For load on the windward side, the 


moments are obtained by multiplying the moments of (3) by the 
coefficient is = 0-073. For; load on the leeward side, the 


moments are obtained by “opposite handing” the moments of 3) 
and multiplying by the coefficient -0-073. The four sets of 
moments thus obtained are added together, to give the total 
moments due to the external wind (the moments have been 
rounded off to the first place of decimals). The moments due to 
internal wind are derived in a similar manner to those for external 
wind. The moments for internal wind suction are of opposite 
sign to those for internal wind pressure. 


The description of the moments derived in Table X has been 
deliberately thorough, because it is the skill in manipulating and 
transferring of moments under different loading conditions which 
leads to a better understanding of the problems associated with 
portal frames. Moments occurring in a structure should alwa: 
be related to the deformation of the members affected by those 
moments, 


Comparison ‘of Methods of Analysis. 


The final moments obtained by the method of Column Analogy 
in Table X are the same as the moments obtained by the method 
of Moment Distribution in Table VI, except for the small difference 
(0-1 ton ft.) in the moments at the knees when the portal frame is 
subjected to external wind loads. 
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Moment Distribution is perhaps the more elegant of the two 
methods because it illustrates the structural sensitivity of rigid 
jointed frames. This method is, of course, approximate in that 
the distributions are carried out until the required degree of accuracy 
is obtained, but for practical structural steel design an analysis 
which gives results to an accuracy of +2% may be looked upon 
as essentially exact. The Moment Distribution method has a 
much wider application than the method of Column Analogy. On 
the other hand the method of Column Analogy reduces the analysis 
of two hinged frames to a fairly simple process and provides a 
quicker solution for single bay frames. ‘The method of Column 
Analogy, however, is limited to the analysis of single bay frames 
and because it is an analogy the method is not especially illumina' i 
although this difficulty can be largely overcome if the method is 
associated with the more familiar terms of area-moments, which 
also depends on the product of elastic weights. 


DESIGN OF FRAME. 


Fig. 13 shows the final bending moment diagrams for the frame, 
together with all the horizontal and vertical reactions which are 
needed for design purposes. The bending moment diagrams are 
drawn on the tension side of the frame in accordance with the 
normal convention. It can be seen that the maximum bending 
moments occur at the knee joints of the frame. Except for the 
knee and apex joints the members of the frame are designed in a 
similar manner to any other structural member subjected to 
combined bending and direct stress, and before proceeding with 
the design of the frame a brief summary on knee joint design will 
be given. 


Knee Joints. 


It is not practicable within the scope of this pamphlet to give 
a full discussion on the stress distribution within the knee section, 
but the bibliography provides references for those readers who 
require further information. The proportions of the knee joints 
have been derived mainly from the recommendations given by 
Professor A. W. Hendry in his various papers. 

In the curved knee joint, shown in Fig. 14 (a), the radius of the 
curve of the inner flange should be not less than 2D, where D is the 
depth of the section of the frame. The diagonal stiffener should 
be proportioned to carry not less than 30% of the load due to the 
change in direction of the flange force. In the case of a portal 
frame of uniform section with a rafter slope of 1 in 2}, the radial 
load, obtained from the triangle of forces, shown in Fig. 14 (6), is 
1-13F, and therefore the stiffener should be proportioned to carry 

F 
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1:13F x 30% =0-34F, where F is the flange force. In the flange 
the maximum permissible bending stress to B.S. 449, 1948, is 
10 tons/sq. in. and the permissible compressive stress in the stiffener 
may be assumed to be approximately 8 tons/sq. in. Using these 
stresses the area of the stiffener can be calculated in terms of the 


area of the flange. 
10 
Area of stiffener required = 0-34 x “ae A = 0-42 A, where 


A is the area of the flange of the section. The stiffeners at the 
extremities of the knee are nominal only and may be omitted for 
the smaller portal frames. When the curved knee is fabricated 
from plates the size of the weld connecting the curved flange to the 
web may be obtained by using the following formula, due to Pro- 
fessor Campus 


5 ap where s radial stress (tons/sq. in.). 
flange force (tons). 
radius of curvature of flange (in.). 


web thickness (in.). 


™ by hy 
oud 


24% 
ia 


Radial 
\ Stress =S. 


Total Radial 
lad 


Radivs not 
D | less than 2D. 


(a) *@) 


Fig. 14. 
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When the radius of curvature of the flange is equal to 2D then 


ss = where D is the depth of the section and the size of the 


pal welds (one weld on either side of the web) can be obtained 
om 


Load, in weld = =~ tons per inch, 

In the sharp cornered knee joint shown in Fig. 15, the diagonal 
stiffener should be proportioned to carry 40% of the load due to 
the change in direction of the flange force. For a portal frame of 

" uniform section with a rafter slope of 1 in 24, the stiffener should 
be proportioned to carry 1:13F x 40% =0-45F, and using the same 
stresses as for the curved knee then 


Area of stiffener required = 0-45 x 2 x A = 0-56A, 


This type of knee joint should only be used for small frames. 


Fig. 16 (a) shows a straight haunch for the knee joint. A 
suitable proportion for the diagonal depth of the haunch is 2D 
(1-5D for apex joint). The force in the inner flange of the haunch 
may be obtained from the triangle of forces shown in Fig. 16 (8). 
For portal frames of uniform section with a rafter slope of 1 in 24 
the forces are as follows :— 


Force in inner flange of haunch (R) = 1-21F. 
Force at re-entrant corner (S) = 0-68F. 


Fig. 16. 
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It follows from this that if the flange of the rafter is fully stressed 
then the inner flange of the haunch will require to be 1-21A, where 
A is the area of the rafter flange. Using the same ratio of stresses 
as for the curved knee and proportioning the stiffener to carry 
40% of the load at the re-entrant corner then the area of stiffener 
required will be 


0-68 x Ra x 40% = 034A. 


Any other stiffeners inside the knee can be of nominal size and may 
be omitted in the smaller portal frames. Whilst there is no exact 
formula to calculate the size of fillet weld connecting the web to 
the inner flange, the formula obtained for the curved knee will give 


F 
a reasonable size for the weld, i.e., load in weld = Dp per 


inch. 

The bracket type of knee joint, shown in Fig. 17 (a), is frequently 
used. It is not known exactly what proportion of the flange force 
is transmitted through the bracket flange but it may be assumed 
that one-half of the flange force continues along the flange of the 
main member and hence the other half will be resolved in the 
direction of the bracket flange as shown in Fig. 17 (b). The force 
in the bracket flange will be one-half of the force in the straight 


Fig. 16. 
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haunch, shown in Fig. 16, therefore for portal frames of uniform 
section with a rafter slope of 1 in 24 the force in the bracket flange 
will be 0-61F. If the flange of the rafter is fully stressed then 
the bracket flange will require to be 0-61A, where A is the area of 
the rafter flange. The stiffener at the re-entrant corner need only 
be one-half the size of the stiffener in the joint shown in Fig. 16, 
but in practice the same size is used, i.¢., area = 0-34A. 


Apex Joints. 


Apex joints are designed in the same manner as the knee joints 
and since the angle between the rafters is very obtuse the forces 
are much less than in the knees. If a straight haunch is used 
similar to Fig. 16 then the depth over the corner should be about 
15D. In lightly loaded frames it is usually sufficient to butt 
weld the ends of the rafters. 


The foregoing notes on joint design refer to R.S.J. sections or 
similar plated sections. For typical details of joints the reader 
should refer to the B.C.S.A. publication No. 9, 1955, Welded Details 
for Single-Storey Portal Frames. 


Fig. 17. 
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Design of Members. 


Column : 
Moment at A’ (Fig. 18) : 
The magnitude of the moment can be obtained by either scaling 
from the bending moment diagrams or by calculation from the 
given reactions and forces. 
Due to Dead load+Snow load = 22-5 tons ft. 
Due to External Wind load = 28 tons ft. 
Due to Internal Wind Suction = 2-1 tons ft. 
Since 2:8 +2-1=4-9 tons ft. is less than 25% of 22-5 tons ft. then 
“without wind” is the critical condition. 

Try a 12"x5"x321b. RS.J. with a battened girt angle in- 
troduced at mid-height to provide lateral restraint to the com- 
pression flange and the weak axis of the portal leg. 


prs! 


Fig. 18. 
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1 18 x 1:5 x 12 67 
Tax 484 “. F,=8-81 tons/sq. in. 
9-0 x 12 
it . «, AEE nee 
ie 1-01 


a bending stress coefficient 88-6 O84 ¢ : 
be “length between restraints 9 ii aa 


3-50 41-0 (self + sheeting, ete.) 


fe = "Gus = 0-48 tons/sq. in. 
122:5 x 12 ‘ 
fo = 3684 ——~O 7-32 tons/sq. in. 
. fa foc _ 0-48 7:32 
Ratio Fr, + Foo = 381 + 9-84 = 0-87. O.K. 


«. Use 12” x 5” x 32 Ib, R.S.J. 
(A 10” x 5” x 301b. R.S.J. is overstressed). 
Rafter : 
Moment at B’ (Fig. 18) : 
Due to Dead load + Snow load = 20-0 tons ft. 
Axial force = 1-38 cos a +3-4 sin a = 3-54 tons. 
Since this combination is less than that for the column then a 
12” x5” x32 Ib. R.S.J. will suffice. 
Purlin stays should be provided at alternate purlins in the region 
of the knee joint, to restrain the compression flange. 


Design of Knee Joint. 


A straight haunch of the type shown in Fig. 16 will be used, 
and since in this case the flange is not fully stressed then the area 
of the inner flange of the haunch should be not less than 


pik, SS — oss, 
10 
In this case a 12” x 5” joist cutting will be used. 


Area of stiffner required = 0-34A x = 0-27A 


0-48 + 7:32 
10 

It can be seen from this that a nominal section only will be 
required therefore +,” thick stiffeners will be used. 

Details of the portal frame are shown in Fig. 19. The flat base 
detail shown is considered to be a hinge for practical purposes. 
In larger portal frames, of course, a more correct detail for a hinge 
would: have to be provided. 
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Fig. 19. 


40 THE ANALYSIS AND DESIGN OF STEEL PORTAL FRAMES 


GRANE BRACKET LOADS. 


Light cranes are often incorporated in buildings of portal frame 
construction and the usual method of carrying the runway track 
for such cranes is by means of brackets attached to the column 
members of the frame. _ In this section it is intended to show how 
a loaded bracket will affect the portal frame if the legs of the frame 
are of uniform section. For heavy crane loads it is more economical 
to vary the section of the portal frame leg and an example of this 
type of construction is given in Part III of this pamphlet. 

The method adopted for this analysis is the method of column 
analogy because for this particular case it yields a relatively simple 
solution. In order to investigate the effect of crane bracket 
loading a moment of 10 tons ft. will be applied to a frame of the 
same dimensions as the previous frame. 


Referring to Fig. 20, the frame is made statically determinate 
by assuming point E is on rollers. The static bending moment 
diagram for the frame is as shown. 


H, = HH, = 0. 
10 1 
Ve = a = @& ton 


At B, M, = 10 tons ft. 
At C, M,= qx80=5 tons ft. 


At E, M, = 0 
The calculation for the moment of the analogous load is shown 


in Table XI, the value being 8,680 tons ft. units. The moments 
at the joints are obtained as follows :— 
pia . yy, — 8680x18 _ 
At joints B and D: Mi = “1,870° = 3-73 tons ft. 
8680 x 30 
41,870 

’ _ 8680 x 11 
At bracket level : Mi = 41870. = 2-28 tons ft. 


The final joint moments due to the applied moment can now be 
obtained. 


. M, = 10-3-73 
M, 5-622 = -1:22 tons ft. 
M, = 0-3-73 = -3-73 tons ft. 


At joint C: Mi = 6.22 tons ft. 


ll 


6-27 tons ft. 
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Just below bracket level moment= 0-2-28= —2-28 tons ft. 
Just above bracket level moment=10-2-28= 7-72 tons ft. 


The final bending moment diagram can be drawn from these 
moments and the values can be combined with the previous moments 
obtained for dead load, etc., to give the design condition. 


Static BM. Diagram. _ 
a 10_tons ft Moment on AB.) 


Fig. 20. 


Anal. Loac(P)) 
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GO 
-~ 162. 22. 3,560 
8! 26 2410 
8) 26 2,110 
= - 


EMxx = 


TABLE XI. 
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PART II. 


RE-DESIGN OF 60’0” SPAN PORTAL FRAME USING THE 
COLLAPSE METHOD OF DESIGN. 


In this chapter it will be shown how to apply the collapse method 
of design, which is due to Professor J. F. Baker, to the design of 
the 60’-0” span portal frame designed in accordance with the 
elastic theory in Part I. It is assumed that the reader is familiar 
with the fundamental principles of the collapse method of design. 

The frame will collapse when sufficient plastic hinges are 
developed to effectively convert the frame into a mechanism. In 
this condition the frame is in a state of imminent collapse and 
unable to support any further increase in load. For a two hinged 
portal frame a minimum of two plastic hinges are necessary to cause 
collapse, providing that the adjacent hinge moments are of opposite 
sign. The method is semi-graphical and one of trial and error, 
but it converges rapidly to a solution. 

It has been shown in Part I that in elastic design it is possible 
to summate the moments obtained by different loading conditions 
in order to obtain the maximum values. However, with the 
collapse method of design this procedure is not possible and it 
becomes necessary to investigate the frame under the various 
combined load systems, trying each load combination in turn. 


Load Factor. 


B.S. 449 (1948) states that a load factor of 2 shall be employed 
in the design of fully rigid frames, although the load factor for a 
simply supported beam designed according to the clastic theory 
is only 1-75, assuming a yield stress of 15-25 tons/sq. in. (mild steel 
to B.S. 15). The draft B.S. 449 (1955) states that the choice of 
load factor should be agreed by the client and the designer. It 
would appear that the value of 1-75 is the more rational value to 
adopt. 


B.S. 449 (1948) allows an increase in the working stresses of 
25% where the stresses result from a combination of wind and 
other loads so that when wind loads are included the load factor 
becomes 2--125% =1-60, or 1-75+125%=1-40 corresponding to 
the load factors 2 and 1-75 respectively for loading other than 
wind loading. 


Procedure for Analysis. 


(1) Make the frame statically determinate by introducing 
rollers at one of the pinned feet and then draw the resulting 
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“free” bending moment diagram for the chosen load 
combination. 

(2) Draw in a “fixing” moment line due to the horizontal 
thrust in such a way as to produce at least two plastic 
hinges of opposite sign (if only one plastic hinge is developed 
then the frame will have the stability of a three hinged 
portal frame). This step may involve more than one 
trial position in order to find the plastic hinge moments 
(mp) having maximum values. 

(3) Repeat step (2) for the other load combinations and deter- ~ 
mine the critical plastic hinge moment. 

(4) Multiply the plastic hinge moment by the load factor to 
obtain the full plastic moment (Mp). 


(5) Divide the full plastic moment by the yield stress (15-25 
tons/sq. in. for mild steel to B.S. 15) to obtain the required 


plastic modulus (S). 


ie, Mp = fS 
a. 
fr 


Loading Combination—Dead Load + Snow Load. 


Assume that A is on rollers. For convenience the frame is 
opened out and treated in the same way as a continuous beam for 
purposes of drawing the bending moment diagram. 


7 x 60 
Max. free moment = 8 = 52:5 tons ft. 


A rapid construction for a parabola is shown in Appendix A. 
The free bending moment diagram is shown in Fig. 21. 
As a first attempt let it be assumed that plastic hinges are 
formed at B. C and D. 
The moments at B and D = 18H, where H is horizontal thrust. 
And moment at C = 52:5-30H. 
Designing for uniform section : 
18H = 525-30H = mp 
Mp = a = 19-7 tons ft. 


Draw in the resulting fixing moment line Ab,c,d,E. It will be 
seen that this cannot be the correct solution because the resulting 
bending moment at X and Y (representing the second purlin points) 
is in excess of mp. 
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Fig. 21. 
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Another attempt must be made, this time assuming that plastic 
hinges are formed at B, X, Y and D. 

The free bending moment at X and Y is 51-3 tons ft. 

Moment at B and D = 18H. 

And moment at X and Y=51-3-28-2H. 28-2 ft. is vert. 

18H = 51-3-28-2H = imp. height to purlin 
51. point. 

Mp = Bese 20-0 tons ft. 
46-2 

In the above case four plastic hinges are formed due to symmetry. 

It should be noted that by assuming a plastic hinge at C the 
error is only 14%. 


Loading Combination—Dead Load+Snow Load+External Wind. 


The frame is made statically determinate by assuming point A 
to be on rollers. The free bending moment diagram is best drawn 
by superimposing the free moment diagram due to external wind 
load on to the free moment diagram due to dead load +snow load, 
to give the combined effect of the load combination under con- 
sideration. 


Refer to Fig. 22. 
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Fig. 22. 
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Take moments about E to the left. 
GOV, + (0°73 x9) + (0-66 x 45) — (0-26 x 24) + (1-21 x 15) 
+ (0-48 x24) + (0-73 x9) = 0. 
che me 66-27 


= -1:10 tons. 


Vv, = -0-77 tons. 
M, = -(0-73x9) = —66 tons ft. 
M. = -(0-73x21) — (1:10 x30) + (0-71 x 16-15) 
= —36°8 tons ft. 
M, = -(1-68x 18) + (0-73x9) = -23-7 tons ft. 
The free bending moments for the individual spans are as follows :— 


Span BC = es = 29 tons ft. 


Span CD = TO 8 s 5-2 tons ft. 


Span DE = aes = 1-6 tons ft. 

The free bending moment diagram for this load combination 
can now be inne shown in Fig. 23. 

Since the negative moment at D is greater than the Positive 
moment at C the fixing moment line due to H must be above the 
base ~ Let it be assumed that plastic hinges are formed at 
C and D. : 

The moment at C = 15-7+30H. 
and moment at D = 23-7 - 18H. 
15-7 +30H = 23-7-18H = mp 


1 
a es 
6 


“+ Mp = 23-7 -3-0 = 20-7 tons ft. 

Draw in the resulting tixing moment line Abjc,d,E. It will 
be seen that this cannot be the correct solution because the resulting 
moment at X (the purlin point) is in excess of mp. 

Assume that hinges are formed at X and D. 

The free moment at X is 17-5 tons ft. 

The moment at X = 17-5+28-2H 
and moment at D = 23-7-18H 
175 +28-2H = 23-7-18H = mp 

— O% 

46-2 
My = 237 -2-4 = 21-3 tons ft. 
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It should be noted that by assuming that a plastic hinge is 
formed at C the error is only 2-8%. 


Loading Combination—Dead Load+Snow Load -+External Wind 
+Internal Pressure. 


The frame is made statically determinate by assuming point A 
to be on rollers. Since the loading for the internal pressure is 
symmetrical then the horizontal reaction at E is zero, 

Refer to Fig. 24. 
a = V,=—0-48 tons. 
M, = 0:29x9 = 2-6 tons ft. = M,. 
M, = (0-29 x 21) — (0-48 x 30) +(0-52 x 16-15) = 0-1 tons ft. 

From these moments it can be seen that internal suction will 
give a worse effect than internal pressure. However, the moment 
at D will only be increased by 2-6 tons ft. and the moment at the 
second purlin point X will be approximately the same as those 
obtained when the internal wind is neglected. With Internal 
Suction instead of internal pressure the value for tp becomes 22:9 
tons ft. (Obtained from 17-5 +28-2H =(23-7 +2-6) — 18H = Mp). 


Critical Plastic Hinge Moment. 


If a load factor of 1-75 is assumed for normal loads then the 
load factor for added wind effects will be 1-40. 
The full plastic moment for dead load +snow load will be 
Mp = 20-0 x 1-75 = 35-0 tons ft. 


ost Os 


\y 


‘ O-48 
mi 


s 


1S 


A fo-sg 0°48" 
Internal Pressure. 


Fig. 24. 
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The full plastic moment for dead load +snow load + external 
wind +internal suction will be 

Mp, = 22-9x 1-40 = 32-1 tons ft. 

The value required for the plastic modulus will be 

S50%12 — gees 
15-25 
Use a 10” x43” x25 lb. R.S.J. (S=28-07 in.*). 

A table showing the plastic moduli of R.S.J.’s bent about the 
major axis is given in Appendix B. If no tables are available, 
the plastic modulus is given approximately by multiplying the 
section modulus (Z) by 1-15 (the shape factor). 

In the above design no account was taken of the effect of com- 
bined bending and direct load because the effect is neglible in this 


type of frame. However, if the axial load is heavy then it cannot 
be neglected. 


S= 


Effect of Corner Haunches on Plastic Hinges. 


The usual type of joint used for frames designed in accordance 
with the collapse method is the type shown in Fig. 15. If a 
haunched type of knee is used then clearly the corners will not form 
plastic hinges. In point of fact the plastic hinges will form at 
the extremities of the haunch. 


Consider the frame which has just been designed and assume 
that a haunched knee of the type shown in Fig. 25 (a) is to be 
provided, then referring to Fig. 25 (b) and assuming that plastic 


7.07 (2t + $2) 


, 
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BA 
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Fig. 25. 
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hinges will form at B, and D,, the extremities of the haunch as well 
as at X and Y, the second purlin points. : 


7x14 


Me t at B, d D, = 18 — (3+ 
ioment at B, and D, = 186H + 60 x2 (3-5 x 1-4) 
= 186H-4:8. 
Moment at X and Y = 51-3~28-2H. 
18-6H -4-8 = 51-3-28-2H = mp. 
_ 561 
46-8 
18-6 x 56-1 
Mp fen ~ 78 = 175 tons ft. 
The moment at B, and D, = 16-5H = eo = 19-8 tons ft. 


The full plastic moment for the rafters will be 
My, = 17-5 x 1-75 = 30-6 tons ft. 
and the corresponding plastic modulus required will be 
30-6 x 12 bane tg 
Ss 1525 24-1 in. 

A 10” x 4}" x25 Ib. R.S.J. would still have to be used in this 
particular case for both the columns and the rafters, but it can be 
seen that if haunches are provided then in general a smaller section 
can be used for the rafters. 


Advantages of the Collapse Method of Design. 


Elastic design does not always take advantage of the additional 
strength obtained from continuity but the collapse design does 
and hence gives more economical results. By using the collapse 
design there is a saving of 21-9% of weight, ignoring connections, 
in the frame which has been designed. The load factor in the 
elastic design is 2-63 which is very conservative when one bears 
in mind that the load factor for a simply supported beam is 1-75. 

The collapse design is quicker than the elastic design and since 
the method is semi-graphical it should appeal to designers. Another 
important point which should be considered is that a varying 
section can be used with little or no alteration in the calculations 
whereas in elastic design any variation in section must be taken 
into account from the start of the calculations since such variation 
in section alters the distribution factors or the width of the analogous 
column section, depending on the method of analysis to be used. 

When designing by the collapse method it is advisable to limit 
the J/r ratio to 100. _ The collapse method is concerned primarily 
with strength and not with stiffness. 
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PART II. 


FIXED BASE SINGLE BAY PORTAL FRAME SUPPORTING 
TWO 40-TON E.0.T. GRANES. 


Fig. 26 (a) shows the proposed dimensions of the portal frame 
together with the clearance lines and wheel loadings for 2/40 ton 
electric overhead travelling cranes, Figs. 26 (6) and 26 (c). This 
kind of frame is typical of the requirements of an engineering 
machine shop or foundry building, and is subjected to nearly every 
condition of loading which is ever likely to occur in practice on a 
single bay frame. Consequently, it is expected that the analysis 
and design of such a frame will have considerable practical value. 


The section of the portal frame legs must be changed in order 
to accommodate the heavy crane loads. It will be assumed that 
the actual moments of inertia of the frame, above and below the 
crane cap, are in the ratio of 1 to 10 respectively. The frame 
dimensions given, other than the crane span, may need to be 
adjusted depending on the final design sections. The main portal 
frames are to be spaced at 30 ft. longitudinal centres with inter- 
mediate frames at the mid-centre positions. Before proceeding 
with the analysis of the main portal frame the loading particulars 
must first be determined. 


Particulars of Crane Loading. 


Crane Data :—Lifted load = 40 tons. 
Weight of crab = 12 tons. 


Surge per wheel = wo x 10% _ 1.8 tons. 


Fig. 27 shows the position of the wheels for the maximum 
vertical reaction. ; 


Maximum vertical reaction = x = 50:6 tons 
18-25 

* "30 ee 

89-6 ,, 

+ 25% Impact = 224 ,, 

+ Self (2 girders) = 340 ,, 


Total 115-0 ,, 


=—— 
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ret_/} 


GO-0" % Track. 


— Frame Dimensions, — 


(2) 


(b) 
Max” _Statie Wheel Loads 
2/40 799 -£.0.T. Cranes. 


( Light end loads 107 each. ) Clearance. 
Lines. 


Fig. 26. 
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The co-existing reaction for the light end carriage will be 


89-6 x ie = 28-0 tons 
+ 25% Impact = 70 ,, 
+ Self = BO ss 


Total 38:0 ,, 


The maximum horizontal reaction will be, by proportion 


so6x—23 = 365 tons 
32 


Although no design of the crane girders will be given an overall 
depth of 3’6” will be sufficient. This depth then establishes the 
position of the change in section of the portal frame legs. The 
transverse crane surge is transferred through the top flange of the 
crane girders. 


Particulars of Loading for Intermediate Frames. 


Fig. 28 shows the dimensions of the intermediate frame, in 
which the rafters are connected to the ridge and eaves beams, 
which, in turn, span between the main portal frames. The inter- 
mediate side posts are also connected to the eaves beams. Besides 
supporting their immediate roof and side coverings the intermediate 
frames transfer loading, via the eaves and ridge beams, back to 
the main portal frames. 


_ 
—— 


30'-0" -_. 30'-0" 
Position of Wheels for 


Max” Vertical Reaction, 


Fig. 27. 
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The members of the intermediate frame are statically deter- 
minate and the usual assumption can be made that the deflection 
of the ridge beam is negligible so preventing any tendency of the 
rafter beams to move outwards when under vertical loading. The 
loading for the intermediate frame is as follows :— 


Dead load: Cladding =3-5 Ib./sq. ft. 
Purlins =15 
Rafters =30 


Total 8-0 7 


Snow load : ; 10-0 Ib./sq. ft. 


64x 15 x80 
Total Dead Load = sy) 
_ 64x15 x10 
"2240 

The dead load to be transferred to the main frame from the 
tidge beam will be 

1-7+0-8 (self weight of ridge beam) = 2-5 tons. 
Wind load :— 

A wind pressure of 15 lb./sq. ft. will be taken, and if the building 
is assumed to have a small degree of permeability then the internal 
wind requirements can be ignored as explained in B.S. 449 (1948), 
cl. 18. 


= 3-4 tons. 


Total Snow Load = 4-4 tons. 


Total wind on windward slope = B45 x15 x 0-273 x 15_ 
s 2240 
= 0-95 tons. 
. 34-5 x 15 x 0:5 x 15 
Total wind on leeward slope = aay aan 
= 1-74 tons. 
5 : 34 x 15 x0-5 x 15 
Total wind per side sip 
= 1-70 tons. 


It will be assumed that the total horizontal component of the 
wind load will be shared equally between the rafter shoes so that 
the wind load reaction applied to each eaves of the main frame 
will be 0-15 ton plus 0-85 tons from the side post making a total 
of 1:0 ton per side. The loads transferred to the main portal 
frame are shown in Fig. 28. 
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— INTERMEDIATE. FRAMES — 


Assume 0 deflection 
of _ Ridge Beary. 


(17 +08) «2-5 
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Wind Loads for Rafters. 
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Fig. 28. 
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Loading Particulars for Main Portal Frame. 


Dead Load: Cladding =3:5 Ib./sq. ft. 
Purlins =15 ” 
Rib =35 si 
Total 8-5 #5 


Total Dead Load = BELOW) = 3-8 tons. 
2240 

Total Snow Load 
(As for inter. frame). 
The wind loads will be the same as those for the intermediate 
frame. 

The loading particulars derived above are entered in Fig. 29, 
which shows clearly the loading that must be sustained by the main 
portal frame. The method of column analogy will be used for 


= 4-4 tons. 


3-87 DL. 4-47sx. 


log h 
Wind 
15 Ibs/a" 


62’-9" 


Particulars of Loadings 
for__Main Portal” Frame. 


Fig. 29. 


THE ANALYSIS AND DESIGN OF STEEL PORTAL FRAMES 57 


the analysis of this frame. In this analysis the actual loads on 


the frame will be used mainly because 


the magnitude of the frame 


dimensions and loading are sufficient to ensure good accuracy and 
also because the use of arbitrary load systems has been adequately 


explained in Part I. 


Analogous Column Section. 


Fig. 30. 


Properties of Analogous Column Section. 
The analogous column section for the frame is shown in Fig. 30, 


from which it is reasonably easy to cal 


culate the properties of the 


section. Since the frame is symmetrical about the Y-Y axis, 


calculations are made for one half of 
to include the whole frame. 


he frame and then doubled 


Centroid of analogous column section :— 


TABLE XII. 
Member | Length | Area y Ay 
AB | 22-5 2-25 11-25 | 25-3 
| 
BC | 13-5 13-5 29-25 394-9 
cD | 845 34:5 42-4 | 1462-8 
= 1883-0 


Z| 50-25 
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Total area of analogous column 


58 


2x 50-25 = 100-5 


Moments of inertia about X-—-X and Y-Y :— 


org’ss 
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The calculations for the centroid of the analogous column section 
and for the moments of inertia are best carried out in tabular form 
as shown above in Tables XII and XIII. 


Calculation of Indeterminate Moments (Mj). 


The calculation of the indeterminate moments (Mi) is carried 
out by obtaining the stress in the analogous column which in this 
case is subjected to axial load and bending about both the X-X 
and Y-Y axes. 


P Mx Myy 
Hence Mi = = + Ts yt T % 

If the loading is symmetrical about the Y-Y axis, no moments 
are incurred about this axis, and consequently the last term in the 
above formula becomes zero. 

The sign convention is important in fixed base frames and the 
following is adopted :— 

(i) Moments which produce tension on the inside of the frame 
are positive. 
(ii) Downward loads and compressive stresses are positive. 

(iii) Co-ordinates measured upward or to the right of the origin 

are positive. 

It is now required to calculate the indeterminate moments due 
to the various conditions of loading. The frame will be analysed 
for particular kinds of loading and the resulting moments pro- 
portioned and summated where necessary to embrace the overall 
loading conditions. This procedure is consistent with the column 
analogy solution of Part I. 


Dead Load (3'8 tons U.D.L.). 

Referring to Fig. 31, the frame is made statically determinate 
by assuming that A is on rollers and G is hinged. The static 
bending moment diagram is parabolic, having a maximum value 
at the centre of 

3:8 x 64 
8 

The effect of moments caused by the eccentricity of the vertical 
column axes of the frame would be small and can therefore be 
neglected. These eccentric moments occur when the static 
condition produces vertical reactions at the bases of the frame, as 
in this case of loading. ; 

The calculation for the moment of the analogous load is shown 
in Table XIV, in this case My:=P)y=9,088, and the analogous 
load P = 1,398. The moment about Y-Y is zero. 


= 30-4 tons ft. 
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The moments at the joints are obtained as follows :— 
1398 9088 x ( — 37-5) 


At joints A and G, M; = 


100-5 = 8140 
= -28-0 tons ft. 
re 1398, 9088 x (-1-5) 
At joints C and E, M; = 1005 8140 
= 12-2 tons ft. 
. 1398 9088 x 11-3 
At joint D, aaa 8140 
= 26-5 tons ft. 


ote x 
A G2°3" - 
Static BM. Diag. for D.L. 


Fig. 31. 


4544 


4,544 


EE 


TABLE XIV. 
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The final moments due to the loading can now be obtained. 
M, = M, = 0-(-28-0) = 28-0 tons ft. 
M, = Mz = 0-122 = -12-2 tons ft. 
M, = 30-4-26-5 = 3-9 tons ft. 


Dead Load (2:5 tons P.L. at Ridge). 


The frame is made statically determinate jn the same manner 
as for the previous loading. The static bending moment diagram 
is shown in Fig. 32 and the calculation in Table XV. _ In this case 
P = 1,380 and M,, = 9,700, My, being zero. 


A Y. 


Static B.M. Diag. for 
D.L. Point Load at Ridge 


Fig. 32. 


TABLE XV. 
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Ad jena end Coit, = ge Se 


= 100-5 ns 8140 
= -81-0 tons ft. 
= 1380 9700 x (-1:5) 
At joints C and E, Mi= —ooe + 8140 
= 12-0 tons ft. 
; 1380 9700 x 11-3 
-At joint D, Mi = Soo5 * 8140 
= 27-2 tons ft. 


The final moments can now be obtained. 
M, = M, = 0-(-31-:0) = 31-0 tons ft. 
M, = M, = 0-120 = —12-0 tons ft. 
M, = 400-272 = 12-8 tons ft. 


Wind on Leeward Slope (1°74 tons U.D.L.) on DE. 


The frame is made statically determinate in the same way as 
for the previous loadings. Since the wind load acts normal to 
the rafter slope a horizontal reaction will be induced at the pin at G. 

H, = horizontal component of wind load = 0:65 tons. 

_ _= (1:62 x 15-38) — (0-65 x 42-4) _ ’ 

Vv, = <= 3 egg = —0-836 tons. 

V, = —(1'62-0-836) = -0-784 tons. 

Once the reactions at A and G have been evaluated the various 
moments can be calculated to complete the static bending moment 
diagram. The static bending moment diagram is shown in Fig. 33 
and the calculation in Table XVI. 

In this case P = -—1753, Myx = -5967 and Myy = —20,090. 
- 1753 ( - 5967 x —37:5) 


At joint A, Mi = 100-5 + 8140 
(20,090 x —31-38) 
55,640 
= 21-4 tons ft. 
oi -1753  (-5967 x —1:5) 
At joint C, Mj = 00-5 + 3140. 
4 ( -20,090 x — 32-0) 


55,640 
= —4-8 tons ft. 
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corn Y g 
7 % : 
- 08364 ; 62-9" 0-784 
Static 8.M. Diag. for Wind 
_on Leeward Slope : D.E. 


Fig. 33. 


Lo rao A 1+ 7-03 |- 3,177 |-10-67|+ 4823 


. 554 - GO 
3|-  16-4|-22-5 ; 
- 1753-0] __ |-&967| __|-20090 


TABLE XVI. 
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— 1753 (-5967 x 11-3) 


At Joint D, M; = 0 
a += joos * 8140 " 
= -25-7 tons ft. 
8 ~1753  (-5967 x -1°5) 
At t E = + 
TOES Eh Aes: 8140 
( -—20,090 x 32:0) 
55,640 
= -27-9 tons ft. 
ie _ — 1753 (-5967 x -37:5) 
At joint G, My = F005 + ———eaagr 
(-20,090 x 31-38) 
55,640 
= -1:3 tons ft. 
The final moments can now be obtained. 
M, = 0-21-4 = -21-4 tons ft. 
M, = 0-(-4:8) = 4-8 tons ft. 
M, = -—26:2-(-25:7) = -0-5 tons ft. 
M, = -234-(-27:9) = 4-5 tons ft. 
M, = 0-(-1:3) = 1-3 tons ft. 


Side Wind (1-7 tons U.D.L.) on AC. 


It will be sufficiently accurate if the side load is taken as being 
distributed over the full length of the portal leg. Referring to 
Fig. 34, the frame is made statically determinate by removing the 
reactions and the moment at G thus allowing the frame to cantilever 
from the point A. It is not necessary to make the frame statically 
determinate in the same manner for each case of loading as the 
choice of a suitable static condition is governed by the type of 
loading and the need to reduce calculations to a minimum. 

The static bending moment diagram is parabolic having a 
maximum value at A of 1-7x18=30-6 tons ft. Since portion 
(b) of the bending moment diagram on AB is only a parabolic 
segment, separate calculations must be made to determine the 
position of the centre of gravity of this portion. Table XVII 
shows the calculation for the analogous load, etc., resulting in 
P = —54:18, Mx, = 1250, and Myy = 1,713. 

ame — 54-18 1250 x_-37-5 | 1713 x —31:38 
ETO Sip Ps 1005. 8140 * 55,640 

= -7:3 tons ft. 
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Static BM. Diag. for _ 
_Wind on W’ward Side AC. 


Fig. 34. 


TABLE XVII. 
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a. -5418  1250x-15 1713 x -320 
At My = OeIS , 1250x -15 1713 x - 32-0 
Jee GMb as 8140 + 55,640 
= -1-8 tons ft. 
-5418 1250x113 


At joi = = 1: i 
joint D, M; 1005 + 3140 1-2 tons ft. 
cit -5418  1250x -15 1718 x 32-0 

At jot Be MS aong ga 55,640 

= —0-2 tons ft. 
Xo —5418 1250 x -37-5 1718 x 31:38 

At joint G, M, = —ro#18 ,_1250x-375 | __1713 x 31-38 

eee Bi Sale (7 77, + ~""35,640 
= —5-4 tons ft. 


The final moments can now be obtained. 


M, = -30-6 -(-7-3) = —23-3 tons ft. 
M, = 0 -(-1:8) = 1-8 tons ft. 
M, = O- 12 = -1-2 tons ft. 
M, = 0- O02 = -0-2 tons ft. 
M, = 0 -(-5-4) = 5-4 tons ft. 


Eaves Wind (1-0 ton P.L.) at 6. 


This condition is very similar to the last case of loading. The 
static bending moment diagram is shown in Fig. 35 and the calcula- 
tion in Table XVIII. In this case P = - 146-8, M,, = 2514, and: 
Myy = 4663. 

ee — 146-8 2514 x —37-5 4663 x -31-38 
At joint A, Mi = 005 +0 + 35,640 . 

= -15-8 tons ft. 


At joint C, M; = — 146-8 2514 x -1:5 4663 x -32-0 


1005 . 8140 55,640 
= -4-6 tons ft. 
acu -— 1468 2514 x 11:3 
At joint D, Mi = 08 + 3140 =2-0 tons ft. 
Ae — 146-8 2514 x —1:5 4663 x 32:0 
AL jomt B,. Mas) -59 5 giao 60 


0-8 tons ft. 
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Static B.M. Diag. for _ 
Wind Load at Eaves. 


Fig. 35. 


meober.|(@) [miss m [mean b | 9 [PY-Mx| & [PE -Mow 


AB. (a) | O+1 |- 303-8 |- "30-4 |-2625/+ 798 |-3ras8|+ 954 
(b) -30:0 |+ 759 |-3138/+ 794. 
B.C. bo |= Qtr [= 9Ft |-10-5'|+ 957 |-32-0|+ 2915 


Tol =a 3 
Fea] 25] braces] 


TABLE XVIII. 
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At joint G, M, . _—1468 2514 x -37:5_ , 4668 x 31-38 
100°5 8140 55,640 
= -10-4 tons ft. 
The final moments can now be obtained. 
M, = -36-:0 —(-15:8) = -20-2 tons ft. 
M. = 0 -(-46) = 4-6 tons ft. 
M, = O- 20 = — 2-0 tons ft. 
M, = O0- 08 = — 08 tons ft. 
M, = 0 -(-10-4) = 10-4 tons ft. 


Grane Moment (160 tons ft.). 


__ Referring to Fig. 36, the frame is made statically determinate 
in the same manner as the last two cases by cantilevering from A. 


Crane Moment (Heavy end carriage) :— 
=115 x 1-38 (eccentricity) = 160 tons ft., say. 
The exact eccentricity will not be known until the sections 
have been designed. 
The calculation for a moment of 160 tons ft. is shown in Table 
XIX, which gives P = —360, M,, = 9,450, and Myy = 11,300. 


At joint A, M; — 360 4 9450 x -37:5 a 11,300 x — 31-38 
100-5 8140 55,640 
= -53-5 tons ft. 
At joint C, M, = — 360 a 9450 x - 1:5 11,300 x -32-0 
100-5 8140 55,640 
= -—11-8 tons ft. 
—360 9450 x 11:3 


“At joint D, Mj = =9-5 tons ft. 


100-5 8140 


—360 9450 x -1:5 11,300 x 32-0 


At joint E, Mj = 


1005 * 8140 © 55,640 
= 1-2 tons ft. 
is -360  9450x -37:5 11,300 x31-38 
Mg: EE Os fy ROE RES 
Be jpn GC, Mi es gia 55,640 
= -40-7 tons ft. 
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1G0 tons ft 
( u57 1-38"): 


8) 


ieo A Y G. 
Static _B.M. Diag. for 


Max. Crane Moment at B. 


Fig. 36. 


= 360] _[raseo | pigoo) 


TABLE XIX. 
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The final moments can now be obtained. 


M, = -160 -(-53:5) = ~-—106-5 tons ft. 
M, = 0 -(-11-8) = 11-8 tons ft. 
M, = 0 -95 =  -9-5 tons ft. 
M, = 0 -12 = 1-2 tons ft. 
M, = 0 -(-40:7) = 40-7 tons ft. 


Crane Surge (3.65 tons Horizontal Load). 


Referring to Fig. 37, the frame is made statically determinate 
by cantilevering from A. The calculation is shown in Table XX, 
which gives P = 143-6, M,, = —3,838, and My = —4,520. 


“Atjoint A, M, = 23S {=3838 x -37:5) |, (-4520 x ~31-38) 


1005 * 8140 55,640 
= 21-7 tons ft. 
a _ 1436 | (-3838x -1-5) | (-4520x -320) 
Ab joint Gs Me og6 ? 8140 +" 55,640 
= 4-7 tons ft. 
e _ 1436 | (-3838x113) 
At joint D, Mi = 00st 8140 ~~ 3-9 tons ft. 
= _ 143-6 | (-3838x -1-5) _ (4520 x32-0) 
Atjomt By Bre oog * 8140 +" 55,640 
= -0-5 tons ft. 
a _ 1436 | (-3888x -37:5) | (—4520 x31-38) 
Ab jou Gy Me ag 8140 +” "55,640 
= 16-6 tons ft. 
The final moments can now be obtained. 
7 M, = 949 — 217 = 72 tons ft. 
M,= O- 47 = — 4-7 tons ft. 
M,= 0-(-39) = 39 tons ft. 
M,= 0-(-05) = 065 tons ft, 
M,= 0- 166 = —166 tons ft, 


Summary of Frame Moments. 


The final moments’ derived in the foregoing analysis for each 
of the loadings are entered in Table XXI, from which the total 
moments due to the various loading conditions can be obtained 
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A. 94-9 | q. 


Static _B.M. Diag. for 
Crane Surge on A.C. 


Fig. 37. 


A.B. (a) 
(b) 
B.C. 


i436] |-3gas | |-4520 


TABLE XX. 
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by proportioning and summating. The method of setting out 
the loading conditions, as shown in Table XXI, is to be recom- 
mended, especially when dealing with complicated loading systems, 
as by inserting the numerical values of individual loads the com- 
piling of the table is made easier and furthermore the designer has 


at his disposal, in tabular form, all the systems of loading which 
occur on the portal frame. 
TABLE XXI. 
| | | ] 

Loading Condition mM, | Me | Mp | Me | Mg | 
Dead load (3:8 tons U.D.L.) + 28-0 12-2 + 3-9 | 12-2 28-0 | 
Dead load (2-5 tons P.L.) + 31-0 | —12:0 | +128 | —12-0 | +31-0 
Total Dead Load + 59-0 24-2 | +167 24-2 59-0 | 
Snow load (4-4 tons U.D.L.) 1 32-4 14:1 | + 4:5 14-1 132-4 | 
Snow load (2-2 tons P.L.) + 27-2 —10-5 | +11-3 | —10-5 | +27-2 | 
Total Snow Load + 596 | —246 | +158 | —24-6 | +59-6 | 
Wind (left to right) 
L'ward slope (1-74 tons U.D.L.) | — 21-4 | +48 |) —05 | +45 | + 1:3 
W’ward slope (0-95 tons U.D.L.) + 07 +25 |) — 03 | + 26 | —11-7 
W’ward side (1-7 tons U.D.L.) — 23:3 +18) — 1:2) — 02] + 5-4 | 
L’ward side (1-7 tons U.D.L.) — 54 +02) + 12) — 18] +233 | 
W’ward eaves (1-0 ton P.L.) — 20-2 +46/— 20) — 08 | +10-4 | 
L’ward eaves (1-0 ton P.L.) — 10-4 +08) +20) — 46 | 420-2 
Ridge (1-05 tons P.L.) — 130 | +50) — 5-4 | + 5:0) —13-0 
Total Wind 93-0 +19-7 6-2 + 4:7 | +35-9 | 
Crane loading (2/40 ton E.O.T.) 
Heavy end (160 tons ft.) 106-5 +11-8 9-5 1-2 +40-7 
Light end (52 tons ft.) + 13-3 0-4 3-1 + 3-8 34:5 | 

\ 

Total Crane Load 93-2 +11-4 12-6 + 2-6 + 6-2 
Surge (2/40 ton E.O.T.) 
L.H. Thrust (3-65 tons) + 73-2 4-7 4+- 3-9 0-5 16-6 | 
R.H. Thrust (3-65 tons) +166 | —05| — 3-9 | + 4-7 | —73-2 | 
Total Surge Load + 898 | — 5-2 0 + 5:2 | —89-8 


All moments are in tons ft. 


DESIGN OF FRAME. 


The various bending moment diagrams are shown in Figs. 38 
and 39 together with all the horizontal and vertical reactions which 
are required for design purposes. It can be seen from these 
diagrams that the critical positions for the design of the frame occur 
at the base and crane cap of the crane leg, and at the knee joint of 
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the roof leg. Since it is highly improbable that all the loads on 
the portal frame will operate at maximum values at the same time 
it becomes necessary to design for that combination of loads which 
can be reasonably expected to occur in practice. Similarly the 
same combination of loads will not necessarily produce the worst 
condition for all parts of the frame. 


Grane Leg. 


The following conditions of loading will be adopted for the 
design of the crane leg, bearing in mind that the wind, crane and 
surge loadings can be reversed. 

(2) Dead load + max. crane load + full surge. 

(8) Dead load + max. crane load + full surge + half wind. 

(c) Dead load + max. crane load + half surge + full wind. 

(4) Dead load + snow load + min. crane load + full surge. 


(e) Dead load + snow load + min. crane load + half surge 
+ half wind. 


In a building of this kind it is not unusual for both cranes to 
be working at full capacity, hence the above conditions include 
crane loading which has been derived from two 40 ton E.O.T. 
cranes with maximum lift running buffer to buffer. The worst 
conditions of loading between (b) and (c) or between (d) and (e) is 
governed by the relative values of the surge and wind loadings, 
and consequently the worst conditions can easily be determined. 


Referring to Fig. 28 and to the bending moment diagrams in 
Figs. 38 and 39, the loading conditions for the design of the crane 
leg can now be obtained. For convenience some of the overall 
figures have been “rounded off.” 


Condition (a) :— 

Moment at base = + 59-0-93-2489-8 = -124 tons ft. 
. Moment at crane cap = + 7:0-128-0+4 80 = —129 tons ft. 
Vertical load. Dead load = 3-15 tons ex. main frame. 


185 ,,  ,, eaves member. 
20 ,, 4, side frame. 

30 .,  ., roof and crane leg. 
10-0 _,, 


Crane load = 115-0 (max.) 


Total 125-0 tons 
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Crane Load. 
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The vertical load due to surge is small and is therefore neglected. 
Condition (c) :— 


Moment at base = +59:0- 93-2 444-8 —93-0 
' = -172 tons ft. 
Moment at cranecap = +7:0-1280+ 4-0-15-0 
= -140 tons ft. 
Vertical load = 125-0- 1:86-0:57. = 123 tons. 


Condition (d) :— 
Moment at base = +59-:0+59-64+6-2+89-8 = 215 tons ft. 
Moment at crane cap is not critical in this condition. 
Vertical load :—Dead load = 10-0 tons 
Snow load = 3:3 ,, ex main frame. 
1-1 ,, ex eaves member. 
Crane load = 38:0 ,, (min.) 


Total 52:4, 


The other conditions of loading, namely (b) and (e), are by 
inspection less than conditions (c) and (d). 

Try welded section (Fig. 40) 2/14” x 3” flanges and 30” x 2” web. 
Area = 2 (14 x#) + (30x 3) = 43-5 sq. in. 

Note that since the web thickness is not less than 1/40th of the 
web depth then the full area of the web can be used in resisting 
direct load (see B.S. 449 (1948), cl. 50a). 

Ixx = 6658in.4; T,y = 343 int 


6658 ‘ 
= = 423 in. 
Bae aes a 
8 ? . 343 . 
Minimum radius of gyration 7yy = aes = 2-82 in. 
max. ! 22:5°%12'% 0175 72. F, = 5-50 tons/sq. in. 


7 2-82 


30" 4 
siege 
my | 


Le 
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Fy. = 9-5 tons/sq. in. since J/r is not greater than 100 but with 
5% reduction on account of plate construction. 


Consider condition (a2) :—Moment at crane cap governs. 


125 
ie = ae = 2-88 tons/sq. in. 
129 x 12 F 
ji = as = 3-68 tons/sq. in. 
2-88 3-68 
Rati ey Ht + = 091. 


“Fi” Foe 5-50 95 
Consider condition (c): Moment at base governs. 


f 18 tht ica 8 
6 = ~~ = 2-84 tons/sq. in. 
43-5 aa 
“172 x 12 : 
foc = a = 4-88 tons/sq. in. 
2-84 
Ratio = —— eee = 0:93. 


= Se ee is 
5-50 9-5 +25% 
N.B.—Since the effect of wind is to decrease the axial load, the 
permissible stress F, has not been increased by 25%. 


Consider condition (¢) :—Moment at base governs. 


52-4 F 
= — = 1-20 tons/sq. in. 

fe = 435 ae 

215 x 12 
foo = a = 6-12 tons/sq. in. 

1-20 6-12 

= —— — = 0°87. 

Ratio 550 7 95 8' 


The above section will be suitable. 


ov alternative section (Fig. 41) 2/15” x }” flanges and 30” x 3” 
web. 
Area = 2 (15x) + (30x §) = 41-25 sq. in.’ 
Effective area = 2 (15x #) + (40x 3).3 = 38-13 sq. in. 
Refer to B.S. 449 (1948) for effective area. 
In = 673lin4 yy = 422 in 
6731 


Zax = Gang = 427 ine 


I 
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Minimum radius of gyration ryy = aes 3-20 in. 
41-25 
U 22:5 x 12 x 0-75 
— = = 64. =5:89 . in 
max > 320 64. Fa tons/sq. in, 


Consider condition (c) :— 


123 ‘i 
Sa 3813 7 3-23 tons/sq. in. 

172 x 12 : 
foo = oe = 4-83 tons/sq. in. 
Ratio = 223 , 483 _ _ 096, 


589 ” 9-5-+25% 
Use the alternative section, i.e., 2/15" x #” flanges and 30” x §” web. 


Roof Log. 


Considering the knee joint of the roof leg, the worst condition 
of loading will be produced by dead load + snow load. 
Try 16” x 6” x 50 1b. RS.J. 

Using a knee joint of the type shown in Fig. 16, the above 
loading condition gives :— 

Moment at extremity of haunch = 42 tons ft. 
Vertical load; Dead load = 3-15 tons ex. main frame. 


185 ,,  ,, eaves member. 
10 ,, ,, side frame. 
10 ,, 4, self. 
Snow load = 33 ,,_ ,, main frame. 
11, -,,. eaves member. 
Total 11-4 ,, 


js 
ae 


Ix 
Fig. 41. 


| Y. y 
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Z 13-5 x 12 x 1:5 
= 38 
rss ods F, = 4-28 tons/sq. in. 
y 10 x 12 x 1-0 se Foe = 100 ,, ‘a 
"yy 1-24 = 
11-4 
ja = W717 0-78 tons/sq. in. 
42 x 12 2 : 
toe = 7307 6-54 tons/sq. in. 
5 0-78 6-54 
Ratio = a SE = 10K 
° = 428 * 100 


Considering the base of the roof leg and using the loading 
condition dead load+snow load+max. surge+max. crane the 
moment is 7-0+7-0+8-0 +32-0 = 54-0 tons ft. 

It would appear that a more severe loading condition exists 
at the crane cap level of the roof leg, but due to the usual method 
of attachment of the crane girders to the roof leg in which a sub- 
stantial diaphragm is used, this position is considered less critical 
than the knee joint. However, the section selected is 16% in 
hand which would cater for the additional moments at the base of 
the roof leg. 


Rafter. 


The actual loads in the rafter due to dead load +snow load will 
be considerably less than in the roof leg, therefore the 16” x6" x 
50 Ib. R.S.J. is suitable. 


Purlin stays should be provided at alternate purlins in the 
i i of the knee joint, to restrain the compression flange of the 
rafter. 

Using the foregoing sections in the design of the frame the 
ratio of the actual moments of inertia above and below the crane 
cap will be 1 to 10-8, compared with the 1 to 10 ratio which was 
originally assumed. This difference does not have any significant 
effect on the analysis of the frame and no check on the analysis 
will be necessary. 


Knee Joint and Apex Joint. 


Since the maximum stress in the flange is only 6-54 +0:78 = 
7-32 tons/sq. in, then a cutting from a 16” x 6” x 50 Ib. R.S.J. will 
be suitable for the haunch using the type shown in Fig. 16. The 
stiffeners will be made from 4,” plate. 
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Base. 


The base should be designed for the same conditions of loading 
as was used in the design of the crane leg although in this case two 
conditions only need be considered. 

(a) Dead load+max. crane load +full surge. 
(c) Dead load+max. crane load+half surge +full wind. 

Fig. 42 shows the proportions of the base. It will be assumed 
that the maximum permissible pressure on the concrete foundation 
is 30 tons/sq. ft. 

Area of base = 5:0 x 2:25 = 11-25 sq. ft. 


2-25 x 5-0? 


Section modulus = rs = 9-4 ft3 
Maximum toe pressure :— 
125 124 

iti — — = 11-:1413-2=24- . ft. 
condition (a) Tos o4 + 4-3 tons/sq. ft. 

ji 123 172 

i = —S 4 — = 1094183=29- 

condition (c) 11-25 + o4 £183=29-2 ,, ,, 


(For this base the bal + - method gives reasonable results 
since the tension developed in the base is relatively small). 

For the remainder of the design of the base the condition (a) 
will govern. : 

The thickness of the base plate is determined by considering 
the bending moment which occurs at the outer t. 

The average pressure over the end foot of base plate is 19-0 
tons/sq. ft. (the average pressure being used because of the stiffening 
effect of the bolt boxes). 

B.M. on 1” strip = Seizes 

ee eS 144 


# / 1:65 x6 
ae a ee 0s i : 
r3 1-65 xf. 10 0-995 in., say 1 in. 


Use 5’ 0" x2’ 3”x 1” thick base plate. 

The gusset plates must be proportioned to resist the upthrust 
on the base which produces a maximum bending moment at the 
face of the column. 

Try 22” x §” gussets. 
B.M. on each gusset (refer to pressure diagram in Fig. 42). 


1-65 tons in. 


(1-2 x 1-125 x 18-0) x 0-6 + (1-2 x 1-125 x3) x 08 
18-0 tons ft. 
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Fig. 42. 
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0-625 x 22? 


Z of gusset plate = ee SS 50-5 in? 
3. 2 

Max. stress = USNEGEE = 4-26 tons/sq. in. 
50:5 


The shear stress is small and can be neglected in this case. 

The stress in the gusset plate appears to be small but the edge 
of the gusset plate is not stiffened so it is reasonable. 

Use 22" x &" thick gusset plates. 

The welds connecting the flanges of the column to the gussets 
must be designed to resist both direct load and bending moment. 
Where the end of the column and gusset plates are machined flush 
for bearing, then 60% of the direct load may be taken for the 
design of the welds, although in the case of bending moments the 
welds must be designed to resist the full induced load. 


124 x 12 
31:5 


: ' 125 ‘ wie 
Force in welds due to direct load =—Z x60% = 37:5 tons. 


Force in welds due to bending moment = 47-3 tons. 


Total force 84-8 tons. 


_ 84:8 
2x (22 +12) 
Use +f," fillet weld. 
Condition (c) is less critical because of the increase in permissible 
stress when wind is included. The welds connecting the gusset 
plate to the base plate will be made }” continuous fillet welds 
(neglecting bearing considerations these welds should be approx- 


imately the same strength as the welds connecting the gusset plates 
to the column). 


Force per inch of weld = 1-25 tons. 


Holding Down Bolts. 


The worst condition for the design of the holding down bolts 
is dead load +snow load +full wind with the cranes off. Assume 
that rotation takes place about leeward bolts. 

59-0 +59-6 +35-9 — (12-7 x 2-0) 
2-0 x 4-0 
Use 2” dia. H.D. Bolts x 4' 6” long. 


The length of bolt embedded in concrete may be taken at 
approximately 24 x dia. of bolt, assuming an adhesion value between 


Tension per bolt 


= 16-1 tons. 
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Vie" thick 


Stiffeners 


/_ 16s 6" Jorst 
Cutting. 


13'-6" 


a 


a 


% 30" %". 


“| 38 Hk + seoetenma | 

2 Stiffs. ef - 5! |- 
J i 
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Welded Section. 


2/15" ¥4" Flanges 
30” «38 Web. 


Details of Frome ( Portal Leg.) 


Fig. 43. 
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steel and concrete of 120 lb./sq. in. and a safe tension of 6+25% 
=7°5 tons/sq. in. in the bolt. 

Typical details of the portal frame are shown in Fig. 43, which 
indicates the final dimensions and also enlarged views of the knee 
and crane cap joints. The welds connecting the roof leg to the 
cap plate should be capable of developing the full strength of the 
section. Although the web of the crane leg section does not 


theoretically require stiffening some nominal stiffeners have been 
introduced to facilitate fabrication. 


APPENDIX A. 


Construction of a parabola. 
Procedure :—Refer to Fig. 44. 
(1) Join A to B. 
(2) Draw any line AD to meet the vertical through B. 
(3) Draw DE parallel to base BC to cut AB in E. 
(4) Draw a vertical through E to cut DA at P. 


P is a point on the parabola. Further points on the parabola 
can be obtained as desired. 


APPENDIX B. 
TABLE XXII. 
The plastic moduli of British Standard Beam sections bent about the 


major axis. 

Plastic | Plastic | 

Section Modulus | Modulus | 

ee ES 
3” x1 x4 Ib. 131in3 | 12”x5” x32 Ib. 42-50 in.3 
3” x3” x85 ,, 2-98 ,, || 12°x6" x44 ,, 60-46 ,, 
4” x13 x5, 215 ,, {| 12” x6" x54 ,, 72-72 ,, 
4° x3” x10, 454 ,, | 127x8" x65 ,, 92-46 ,, 
4¥° x1 x65 ,, 3:33 ,, | 13°%x5" x35 | 50-28, 
5” x3" xl, 632 ,, | 14"x6" x46 ,, 72:53 |, 
5” x4h’x20_—,, 11-65, 14”x6” x57 ,, 88-43, 
6” x3” x12 ,, 808 ,, | 14°x8’ x70 ,, 114-59 ,, 
6” x44"x20_—,, 13-46 ,, 15”x5" x42 ,, 66-96 ,, 
6” x5” x25, 17:00 ,, | 15°x6" x45 ,, 75:20 ,, 
7” x4" xié ,, 12:90 ,, 16”x6” x50 ,, 88:79 ,, 
8” x4” x18, 16-02 ,, 16”x6" x62 ,, 106-23 ,, 
8” x5” x28, 25:80 ,, || 16"x8" x75 ,, 138-6, 
8” x6” x35, 32:94 ,, 18” x6” x55 ,, 108-1, 
9° x4" x21, 20-85 ,, 18°x7" x75 ,, 1483, 
9° x7” x50 _,, 53-18 ,, 18”x8" x80 ,, 163-8, 
10”x43" x25 |, 28:07 ,, 20° x64" x65, 1418, 
10”x5” x30 ,, 33-68 ,, 20°x74”x89 ,, : 1943  ,, 
10°x6” x40 ,, 46-74, 22”x7" x75 ,, (1772 =, 
10’x8” x55, 65-65, 24°x7¥" x95 ,, | 245-6 ,, 
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APPENDIX 6G. 
The following tables give the permissible loads for tension in 
black bolts and shear in fillet welds in accordance with B.S. 449 


(1948). | When wind is included the permissible values have been 
increased by 25%. 


TABLE XXIII. 


Permissible Tensile Loads in Black Bolts. 


Dia. of Bolt Load | Load including Wind 
(in.) (tons) (tons) 
3 a 0-76 
§ 02 | 1-27 
j / peg | 2.97 
$ 2-53 3-16 
1 | 3-32 415 
1} 5-36 671 i 
| 
1} | 780 | 9-75 | 
| | 
1} | 10-52 | 13-15 | 
i 
2 | 13-87 17-33 
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TABLE XXIV. 


Permissible Loads in Fillet Welds. 


Size of Weld Load Load including Wind 

(i7.) (tons) (tons) 

t& 0-83 1-00 

t 1-14 1-42 

| 1-42 | 1-77 
i | 171 | 214 

te 1-99 2-49 

4 | 2-28 | 2-85 

t 

| § 2-85 | 3-56 
| } 3-41 4-26 
Hi | 3-99 4-99 

1 4:55 5-69 


q) 
(2) 
(3) 
(4) 


(5) 
(6) 
(7) 


(8) 
(9) 
(10) 


(11) 


(12) 


(13) 


(14) 


(15) 
(16) 
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List of A.E.S.D. Data Sheets. 


Safe Load on Machine-Cut Spur Gears. 

Deflection of Shafts and Beams. 

Deflection of Shafts and Beams (Instruction Sheet). 

Steam Radiation Heating Chart. 

Horse-Power of Leather Belts, etc. 

Automobile Brakes (Axle Brakes). 

Automobile Brakes (Transmission Brakes). 

Capacities of Bucket Elevators. 

Valley Angle Chart for Hoppers and Chutes. 

Shafts up to 54 inch diameter, subjected to Twisting and Combined 
Bending and Twisting. 

Shafts, 53 to 26 inch diameter, subjected to Twisting and Combined 
Bending and Twisting. 

Ship Derrick Booms. 

Spiral Springs (Diameter of Round or Square Wire). 

Spiral Springs (Compression). 

Automobile Clutches (Cone Clutches). 
- a9 (Plate Clutches). 

Coil Friction for Belts, etc. 

Internal Expanding Brakes. Self-Balancing Brake 4) 
Shoes (Force Diagram). 3 Connected 

Internal Expanding Brakes. Angular Proportions I one 
for Self-Balancing. 

Referred Mean Pressure Cut-Off, etc. 

Particulars for Balata Belt Drives. 

¥” Square Duralumin Tubes as Struts. 

\e 


} Connected. 


\ Connected: 


Y Square Steel Tubes as Struts (30 ton yield). 
is ” ” » (30 ton yield). 


1” ” 7 (30 ton yield). 

a » aw i (40 ton yield). 

¥ Pa a 3 (40 ton yield). 

us i ” » (40 ton yield). 

Moments of Inertia of Built-up Sections (Tables). 

Moments of Inertia of Built-up Sections (Instructions Connected. 


and Examples). 
Capacity and Speed Chart for Troughed Band Conveyors. 
Screw Propeller Design (Sheet 1, Diameter Chart). 
(Sheet 2, Pitch Chart). Connected 
> a (Sheet 3, Notes & Examples). 
Open Coil Conical Springs. 
Close Coil Conical Springs. 
Trajectory Described by Belt Conveyors (Revised, 1949). 
Metric Equivalents. 
Useful Conversion Factors. 
Torsion of Non-Circular Shafts. 
Railway Vehicles on Curves. 
Coned Plate Development. 
Solution of Triangles (Sheet 1, Right Angles). 
Solution of Triangles (Sheet 2, Oblique Angles). 
Relation between Length, Linear Movement and Angular Movement 
of Lever (Diagram and Notes). 


i (Chart). 


Helix Angle and Efficiency of Screws and Worms. 
Approximate Radius of Gyration of Various Sections. 


92. 


elical Spring Graphs (Round Wire) 
me Ee . e (round Wire). } Connected. 
as ” ” (Square, wire): 
tive Value of Welds to Rivets. 3 J 
raphe for Strength of Rectangular Flat Plates of Uniform Thickness. 
” Deflection _,, oo» ” ” 
Deflection of Leaf Spring. 
Strength of Leaf Spring. : 
Chart Showing Relationship of Various Hardness Tests. 
Shaft Horse-Power and Proportions of Worm Gear. 


Ring with Uniform Internal Load (Tangential Strain) : 
na eae (Tangential Stress) f Connected 
Hub Pressed on to Steel Shaft. (Maximum Tangential Stress at Bore 

of Hub). 


Hub Pressed on to Steel Shaft. (Radial Gripping Pressure between 
Hub and Shaft). . i 

Rotating Disc (Steel) Tangential em Connected. 

Ring with Uniform External Load, Tangential Strain. \ Connected. 


” ” » o ” . 
Viscosity Temperature Chart for Converting Commercial 
to Absolute Viscosities. 7 
Journal Friction on Bearings. Connected 
Ring Oil Bearings. , : 
Shearing and Bearing Values for High Tensile Structural Steel Shop 
sires, in accordance with BS Ho Sea 
Velocity of Flow in Pipes for a Given Delivery. : 
Delivery of Water in Bipes for a Given Head. } Conmected 
(See No. 105). 
Involute Toothed Gearing Chart. 
Variation of Suction Lift and Temperature for Centrifugal Pumps. 
Curve Relating Natural Frequency and Deflection. 
Vibration Transmissibility Curved or Elastic Suspension. Connected 
Instructions and Examples in the Use of Data Sheets, ; 
Nos. 89 and 90. 
Pressure on Sides of Bunker. 


93-4-5-6-7,. Rolled Steel Sections. 
98-9-100. Boiler Safety Valves. 


102. 
103. 
104, 
105. 
106. 


107. 
108. 


Pressure Required for Blanking and Piercing. 

Punch and Die Clearances for Blanking and Piercing. 

Nomograph for Valley Angles of Aloppers and Chutes, 

Permissible Working Stresses in Mild Steel Struts with B.S. 449, 1948. 

Compound Cylinder (Similar Material) Radial Pressure of Common 
Diameter (D1). 

True Angles for Pipe Bends. 

Development of Spiral Chutes. 


(Data Sheets are 3d to Members, 6d to others, post free). 


Orders for Pamphlets and Data Sheets to be sent to the Editor, 
The Draughtsman, cheques and orders being crossed “A.E.S.D.” 


